The nonclassical histocompatibility class I gene HLA-G has a tissue-restricted expression. To explore mechanisms involved in HLA-G transcriptional regulation, we have investigated the effect of stress, including heat shock and arsenite treatment, on HLA-G expression in tumor cell lines. We show that stress induces an increase of the level of the different HLA-G alternative transcripts without affecting other MHC class I HLA-A, -B, -E, and -F transcripts. A heat shock element (HSE) that binds to heat shock factor 1 (HSF1) on stress conditions was further identified within the HLA-G promoter. Considering the ability of HLA-G to modulate the function of immunocompetent cells, we hypothesize a new feature of HLA-G as a signal regulating the immune response to stress.
INTRODUCTION
During evolution, adaptive mechanisms, such as the heat shock response, which enables cells and tissues to detect and to respond to various environmental stress, have been conserved. This response is characterized by the rapid stress-induced synthesis of heat shock proteins (HSPs) that allows cells to restore protein homeostasis and to be protected against molecular damage (Morimoto and Santoro 1998) .
In higher eukaryotes, the cellular response to acute exposure to a range of physiological and environmental trauma, including heat shock, oxidants, heavy metals, ultraviolet radiation, cytokines, hormones, and amino acid analogues, is tightly controlled at the level of transcription by a family of heat shock factors (HSFs), HSF1 to HSF4 (Morimoto 1998) . In humans, 3 HSFs have been characterized (Rabindran et al 1991; Schuetz et al 1991; Nakai et al 1997) . HSF1 is activated in cells exposed to high temperatures and other environmental stress conditions, whereas HSF2 appears to function in cells in-volved in processes of differentiation and development (Leppä and Sistonen 1997) and accumulates on arrest of proteasome activity (Mathew et al 1998) . HSF4 is not an activator of transcription and may rather act as a negative regulator of heat shock gene expression (Nakai et al 1997) . Recently, alternative splicing events generating functionally distinct protein isoforms were reported for these 3 HSFs (Fiorenza et al 1995; Tanabe et al 1999) . On activation by various stimuli, HSF1 undergoes a multistep process of activation, including trimerization, translocation to the nucleus, binding to a highly conserved upstream response element (heat shock element [HSE] ), and hyperphosphorylation on serine residues (Cotto et al 1996) . The HSEs, defined as a minimum of 3 contiguous repeats of the pentanucleotide NGAAN arranged in alternating orientation, are located in the promoter region of genes encoding HSPs and molecular chaperones (Perisic et al 1989) . Stress-induced binding of HSFs to their HSEs targets alters the assembly of transcription factor complexes to their promoter, thus activating transcription (Brown and Kingston 1997; Mason and Lis 1997; Sandaltzopoulos and Becker 1998) .
Stress-induced HSPs are not only essential for regulating the state of intracellular folding, assembly, and trans-location of proteins, but are also potent immunogens that modulate immune responses. It is now widely recognized that stress exerts both stimulating and suppressive effects on immune responses, and, apart from their stressed inducible expression, altered expression of HSPs has also been observed in association with a diverse array of diseases (Morimoto and Santoro 1998) . Immunity to HSPs is thus currently considered as a part of normal immunoregulatory T-cell responses with disease controlling potential (van Eden et al 1998) and has recently led to the use of HSPs in cancer immunotherapy protocols (Mén-oret and Chandawarkar 1998; Srivastava et al 1998; Schild et al 1999) . Other genes involved in immune responses, the major histocompatibility complex class I-chain related genes (MIC) A and MICB, have also been reported to be up-regulated by heat shock in Hela cells and quiescent intestinal epithelial cells (Groh et al 1996 (Groh et al , 1998 . In order to further analyze the influence of stress on the regulation of genes that modulate the immune response, we investigated the effect of elevated temperature and arsenite treatment on the expression of the nonclassical class I human major histocompatibility complex gene HLA-G.
In contrast with highly polymorphic classical HLA-A, HLA-B, and HLA-C class I genes expressed at the surface of most nucleated cells of the organism, the HLA-G gene exhibits low polymorphism and is characterized by a tissue-restricted pattern of protein expression, essentially limited to extravillous cytotrophoblast cells in the placenta (Kovats et al 1990; Le Bouteiller and Blaschitz 1999) , to endothelial cells of fetal vessels present in the chorionic villi (Blaschitz et al 1997) , and to amnion cells and amniotic fluid (McMaster et al 1998) as well as to thymic medullary and subcapsular epithelial cells (Crisa et al 1997) . Although the exon/intron structure of HLA-G is similar to that of classical class I, the cytoplasmic tail is reduced to only 6 amino acids because of a premature stop codon in exon 6 (Geraghty et al 1987) . A specific feature of the HLA-G gene is its alternative splicing in at least 6 HLA-G mRNAs (Ishitani and Geraghty 1992; Fujii et al 1994; Kirszenbaum et al 1994) : (1) in addition to the full-length membrane-bound isoform HLA-G1, transcripts lacking exon 3 (-G2), exon 3, and 4 (-G3), or exon 4 (-G4) retain the capacity to be translated into membrane-bound proteins lacking 1 or 2 extracellular domains; (2) a soluble form of HLA-G1, HLA-G5 (or -G1s), is encoded by a transcript including intron 4, where a premature stop codon prevents the translation of exon 5 and downstream sequences that encode the transmembrane and cytoplasmic domains; and (3) another transcript, HLA-G6 (or -G2s), lacking exon 3 and including intron 4, also retains the capacity to be translated as a soluble protein.
Like classical HLA class I molecules, HLA-G is able to associate with a wide array of nonamer peptides (Lee et al 1995; Diehl et al 1996) and to bind the CD8 T-cell coreceptor (Sanders et al 1991) . HLA-G serves as a restriction molecule that elicits a specific murine cytotoxic T-cell response in HLA-G transgenic mice (Horuzsko et al 1997; Schmidt et al 1997) , but its capacity to generate a T-cell receptor restricted response in humans is still uncertain. HLA-G also interacts with different killer-cell inhibitory receptors (KIRs) present on natural killer (NK) cells and on subpopulations of cytotoxic CD8ϩ ␣ ␤ and ␥␦T lymphocytes, thus modulating their cytotoxic effector activity, and also on lymphocyte B, monocyte, and dendritic cells (Colonna et al 1997; Cantoni et al 1998; Colonna et al 1998; Allan et al 1999; Rajagopalan and Long 1999) . Although the HLA-G function is not clearly defined, a specific role in the maternal-fetal immune relationship during pregnancy was first proposed by providing evidence that HLA-G protects cytotrophoblasts against cytolysis by maternal uterine NK cells (Rouas-Freiss et al 1997; Ponte et al 1999) . HLA-G was also recently detected in human colorectal cancer and melanoma biopsies (Fukushima et al 1998; Paul et al 1998 Paul et al , 1999 , suggesting that HLA-G expression on tumor cells may favor their escape from cytotoxic antitumor responses.
The mechanisms that control HLA-G cell-specific protein expression are still undefined and involve regulation at the transcriptional level. Various patterns of HLA-G transcription can be observed: (1) high levels of all HLA-G alternative transcripts are observed in trophoblasts and in the choriocarcinoma JEG-3 cell line; (2) in peripheral blood mononuclear cells (PBMCs), low or moderate amounts of HLA-G transcripts are initially detectable and can be induced after exposure to type I and type II interferons (IFNs) (Yang et al 1996) as well as IL-10 for PBMCs or in vitro culture for keratinocytes (Ulbrecht et al 1994) ; (3) in a wide variety of cells from fetal and adult tissues, the levels of mRNAs are low or very low and merely reflect a basal level of transcription (Carosella et al 1996) ; and (4) some cell types, including CD34ϩ, NK, and first-trimester human fetal liver cells, are totally devoid of HLA-G transcript (Teyssier et al 1995; Amiot et al 1996; Moreau et al 1998) , suggesting that a stringent negative control of transcription may operate in these cell types.
Transcriptional regulation of MHC classical class I genes is mediated by conserved regulatory elements clustered in the proximal promoter region. These conserved upstream DNA sequences include the enhancer A element, the interferon-stimulated response element (ISRE), site ␣ and enhancer B elements, that are either deleted or altered in the HLA-G promoter (Le Bouteiller 1994; Gobin et al 1998) . To date, experiments indicate that none of these regulatory elements or intronic sequences could account for tissue-specific expression of HLA-G observed in trophoblast-derived cell lines (Gobin et al 1998; Lefebvre et al 1999) . Finally, although several agents, including IFN-␥ alone (Yang et al 1996; Chu et al 1999) or in combination with IL-2 or GM-CSF (Amiot et al 1998) and IL-10 (Moreau et al 1999) , have been shown to stimulate HLA-G expression in vitro in myelomonocytic cells, the mechanisms by which they act are still generally unknown.
In an attempt to identify the regulatory mechanisms that participate in physiological and tumor-specific activation of HLA-G transcription, we have studied the effects of various stress conditions (heat shock, arsenite) in a human melanoma cell line previously characterized as lacking HLA-G transcripts . We examined the possibility that HLA-G may also represent a target gene induced by stress treatment. We have shown that various forms of stress induce HLA-G transcripts levels as well as in vitro binding of HSF1 to an HSE found within the HLA-G gene promoter. We thus propose that in addition to its known immunomodulary capacity, HLA-G might be considered as a stress-inducible gene.
MATERIALS AND METHODS

Cell culture and stress treatment
Human melanoma cell line M8 (HLA-A1, -A2, -B12, and B40/male), kindly provided by J.G. Guillet (INSERM U445, Paris, France), was maintained in RPMI 1640 medium with L-glutamine supplemented with 10% heat-inactivated fetal calf serum, 10 g/mL gentamicin and 1X anti-PPLO (Life Technologies). The human HLA-G positive JEG-3 choriocarcinoma cell line (American Type Culture Collection) was cultured in DMEM with glutamax-I, sodium pyruvate, glucose, and pyridoxine supplemented with 10% heat-inactivated fetal calf serum, gentamicin, and anti-PPLO. The human glioblastoma cell line T98G (European Collection of Cell Cultures) was cultured in EMEM (EBSS) supplemented with 10% heat-inactivated fetal calf serum, 2 mM L-glutamine, 1% nonessential amino acids, 1 mM sodium pyruvate, and antibiotics. The cells were cultured in a 37ЊC, 5% CO 2 -humidified incubator. Cells were stressed by a heat shock treatment at 42ЊC for 2 h or by addition of an arsenite solution (Fluka) at a final concentration of 100 M for 2 h. The cells were allowed to recover at 37ЊC for various times following stress treatment. Actinomycin D (Sigma) was added to the cell culture medium at 10 g/mL just prior to heat shock treatment (42ЊC, 2 h) and was removed when cells returned to nonstressful conditions. Human peripheral blood was obtained from healthy volunteer donors. Mononuclear cells were isolated by Ficoll-Hypaque (1077) density centrifugation, and RNA was extracted immediately.
Reverse transcriptase--polymerase chain reaction analysis
Total mRNA was extracted by using the RNA NOW reagent (Biogentex) according to the manufacturer's recommendations. The quality of RNA was checked by electrophoresis in a 1.5% agarose-denaturing gel. cDNAs were prepared from 2.5 g of total RNA by using oligo-(dT) 12-18 primer (Pharmacia Biotech) and Moloney murine leukemia virus reverse transcriptase (Life Technologies). Polymerase chain reaction (PCR) amplifications (DNA thermal cycler, Cetus, Perkin Elmer) were performed using exon 2-specific primer G.257 (5Ј-GGAAGAGGAGAC-ACGGAACA-3Ј) (Kirszenbaum et al 1994) and 3Ј-untranslated region-specific primer GA.3U (5Ј-GGCTG-GTCTCTGCACAAAGAGA-3Ј) (Onno et al 1994) or G.1004R (5Ј-CCTTTTCAATCTGAGCTCTTCTTT-3Ј), exon 3-specific primer G.526 (5Ј-CCAATGTGGCTGAACAA-AGG-3Ј) (Kirszenbaum et al 1994) and intron 4-specific primer G.i4b (5Ј-AAAGGAGGTGAAGGTGAGGG-3Ј) (Moreau et al 1995a) , or exon 2-/exon 4-specific primer G.-3 (5Ј-ACCAGAGCGAGGCCAACCCC-3Ј) and 3Ј-untranslated region-specific primer G.1216 (5Ј-GACGGAGACATC-CCAGCCCC-3Ј) (Moreau et al 1995a) , respectively, allowing the detection of all alternatively spliced HLA-G mRNAs, specifically HLA-G5 mRNA or HLA-G2 and HLA-G6 mRNA. Specific amplification of HLA-E was performed using exon 2-specific primer E.251 (5Ј-ACACGGA-GCGCCAGGGACAC-3Ј) and 3Ј-untranslated region-specific primer E.1272 (5Ј-GTGTGAGGAAGGGGGTCATG-3Ј). Levels of HLA-F transcripts were evaluated by hybridization with an HLA-F-specific probe of cDNA products amplified using exon 2-specific primer Pan ClI (F) (5Ј-TCCCACTCCATGAGGTATTTC-3Ј) and exon 4-specific primer PanClI (R) (5Ј-TCCAGAAGGCACCACCACAG-3Ј) allowing the detection of all nonclassical HLA class I mRNAs (Houlihan et al 1992) . PCR conditions used are as follows: 94ЊC for 1 min, 65ЊC (G.257/GA.3U, G.-3/ G.1216 and Pan ClI [F]/Pan ClI [R]) or 61ЊC (G.257/ G.1004R, G.526/G.i4b, and E.251/E.1272) for 1 min 30 s, 72ЊC for 2 min (35 cycles); the last extension step at 72ЊC was prolonged to 7 min. Coamplification of ␤-actin cDNA was carried out in each experiment with ␤-actin amplimer sets (Clontech) for 16 cycles to evaluate comparative amounts of cDNAs in samples. Absence of contaminant DNA was controlled by concomitant amplification of the PCR mixture without a template (H 2 O). PCR products were analyzed by electrophoresis in 1.5% agarose gel and stained with ethidium bromide. The specificity of PCR products was confirmed by alkaline blotting of the fragments in 0.4 M NaOH onto nylon membranes (Hybond Nϩ, Amersham). After a 2-h prehybridization in 5X SSPE, 5X Denhardt's solution, 0.5% SDS, 100 mg of sonicated salmon sperm DNA/mL, at 60ЊC (G.257/GA.3U and G.257/G.1004R) or 55ЊC (G.526/G.i4b, G.-3/G.1216 and E.251/E.1272) or 65ЊC (Pan ClI (F)/Pan ClI (R)), hybridization was performed with 32 P-labeled oligonucleotide probe exon 2-specific G.R (5Ј-GGTCTGCAGGTT-CATTCTGTC-3Ј) (Houlihan et al 1992) or intron-4-specific G.I4F (5Ј-GAGGCATCATGTCTGTTAGG-3Ј) (Moreau et al 1995b) or exon 3-specific E.R (5Ј-ATCATTTGA-CTTTTGCTCGGA-3Ј) or exon 2-specific F.R (5Ј-GG-CGTACCCTGTGGTCCACTC (Houlihan et al 1992) , respectively, using [␥- 32 P]dATP (Amersham) and a 5Ј-end labeling kit (Appligene). After 2 washes for 15 min at room temperature and 2 washes for 15 min between 50Њ and 62ЊC in the presence of 2X SSC and 0.1% SDS, the blots were exposed to Biomax films (Kodak) with amplifying screens at Ϫ80ЊC. The blots were stripped in boiled 0.5% SDS solution and hybridized with a ␤-actin probe (5Ј-ATCATGTTTGAGACCTTCAACACCCCAGCC-3Ј).
Cloning and sequencing of HLA-G6
cDNAs of M8 cells treated for 2 h with arsenite and allowed to recover for 45 min were amplified by 2 rounds of PCR using specific primer -22ATG XbaI located in the 5Ј-untranslated region (5Ј-GCTCTAGAGCTCCCCAGA-CGCCAAGGATG-3Ј) and 3G.U KpnI located in the 3Ј-untranslated region (5Ј-GGGGTACCGGCTGGTCTC-TGCACAAAGA-3Ј). After purification on agarose gel, a PCR product was cloned into the pcDNA3.1/hygro(Ϫ) eukaryotic expression vector (Invitrogen). Sequencing was performed with an automated DNA sequencer 377 XL using the PRISM AmpliTaq Big Dye Terminator diChloroRhodamine kit (Perkin Elmer). Sequences were compared with the GenBank database using the BLAST algorithm.
Northern blot analysis
Ten micrograms of total cellular RNAs were separated on a 1% formaldehyde agarose gel and transferred to a Nytran-Plus nylon membrane (Schleicher and Schuell) with 2X SSC buffer. RNAs were immobilized by UV cross-linking. After a 3 h prehybridization in 0.5 M Na 2 HPO 4 , pH 7.2, 7% SDS, 1% BSA, 1 mM EDTA at 65ЊC, hybridization was carried out overnight with a 32 P-labeled DNA probe obtained by random priming (Megaprime DNA labeling systems, Amersham) with [␣- 32 P]dCTP (Amersham). The filters were sequentially hybridized with the following probes: the HLA-A-specific probe is a 1.2-kb PvuII-XbaI fragment derived from the 3Ј region of the HLA-A3 gene (Chimini et al 1988) , and the HLA-B probe is a 0.55-kb PvuII-PvuII fragment from the 3Ј region of the HLA-B7 gene (Coppin et al 1985) . Washing was performed 3 times at 65ЊC in 40 mM Na2HPO4, pH 7.2, 5% SDS, 0.5% BSA, 1 mM EDTA. Membranes were exposed to Biomax films (Kodak) with amplifying screens at Ϫ80ЊC for 3 d. Between 2 hybridizations, blots were stripped in boiled 0.1% SDS solution. GAPDH probe was used as a control to quantify RNA on Northern blots.
Nuclear extracts
Cells (0.5 to 1.10 6 ) were washed twice with TBS (20 mM Tris-HCl pH 7.6, 137 mM NaCl). Pellets were gently resuspended and kept on ice 10 min with 800 L of cold solution A (10 mM HEPES pH 7.8, 10 mM KCl, 2 mM MgCl 2 , 0.1 mM EDTA) supplemented just before use with 1 mM DTT, 0.1 mM phenylmethyl sulfonyl fluoride (PMSF), 4 g/mL leupeptin. Cells were lysed by addition of 10% Nonidet P-40 (50 L) and centrifuged for 2 min at 800ϫ g and 4ЊC. Pellets were resuspended and kept for 20 min on ice with 400 L of cold solution B (50 mM HEPES pH 7.8, 300 mM NaCl, 0.1 mM EDTA, 10% glycerol) supplemented just prior to use with 1 mM DTT, 0.1 mM PMSF, 4 g/mL leupeptin. Nuclear ghosts were centrifuged 3 min at 800ϫ g and 4ЊC. Supernatants were centrifuged again 5 min at 9000ϫ g and frozen with 30% glycerol at Ϫ80ЊC.
Electrophoretic mobility shift assay
Binding reactions were performed by incubating 2 L of nuclear extracts with approximately 50 000 cpm (0.6 ng) of 32 P-labeled probe using double-stranded oligonucleotide probes described in Figure 3 and a 100-fold excess of cold oligonucleotide competitor (COI) in the presence of 2 g of poly(dI-dC)-poly(dI-dC) (Pharmacia) in a final volume of 10 L containing 20 mM HEPES pH 7.8, 40 mM KCl, 1 mM MgCl 2 , 0.1 mM EDTA, 0.5 mM DTT, 0.4% Ficoll. After 20 min of incubation at room temperature, the binding reactions were loaded onto a 4% polyacrylamide gel (29:1 acrylamide-bis ratio) in 44.6 mM Tris, 44.5 mM boric acid, and 1 mM EDTA. Gels were run at room temperature for 1 h 40 min at 200 V, fixed with 30% methanol and 10% acetic acid, transferred to Whatman 3MM papers, and autoradiographed. The 32 P-labeled probes were prepared by 5Ј-end labeling 1 strand with polynucleotide T4 kinase (Appligene) using standard procedures. The radiolabeled strand was annealed to the complementary strand, and the unincorporated nucleotides were then removed by Sephadex G-25 (Pharmacia) chromatography. For experiments involving addition of antibodies to nuclear extracts prior to gel shift analysis, 1 L of immune serum was added to 2 L of extract and incubated at room temperature for 15 min before the addition of the binding solution. The rabbit polyclonal antibody against HSF1 (␣-HSF1) was kindly provided by L. Sistonen (Turku Centre for Biotechnology, Turku, Finland), and a rabbit polyclonal serum (CAS) was used as a nonspecific control antiserum in supershift experiments.
RESULTS
Heat shock or arsenite exposure increase amounts of HLA-G transcripts
In order to define a model in which a modulation of the HLA-G transcription could be observed, the effects of thermal and chemical stresses on levels of HLA-G transcripts were investigated by RT-PCR in the M8 human melanoma cell line. The cells were subjected to a mild heat shock (42ЊC, 2 h) or to a severe chemical stress (100 M As 2 O 3 , 2 h), and RNAs were extracted at various times after a recovery period at 37ЊC. Results of an RT-PCR analysis using pan-HLA-G PCR primers (G.257/ GA.3U) amplifying all known HLA-G isoforms and revealed by Southern blot with an exon 2-specific probe (G.R) are shown in Figure 1A . As previously described, we did not detect any HLA-G transcript in untreated M8 melanoma cells , while high levels of HLA-G transcripts were detected in the JEG-3 positive control cell line. Heat shock (Fig 1A, left panel) or arsenite ( Fig 1A, right panel) treatment of M8 cells resulted in a similar pattern of induction of the levels of HLA-G alternative transcripts. One hour post stress treatment, we observed a marked and selective induction of a signal corresponding to a transcript whose length lies between HLA-G1 and HLA-G2. Since the use of pan-HLA-G primers did not allow precise discrimination of HLA-G1 and HLA-G5 signals, both of which appear as a 1000-bp band, further identification of HLA-G transcripts encoding the HLA-G5 soluble isoform was conducted by hybridization with probes derived from intron 4 that specifically detect transcripts corresponding to HLA-G5 and -G6 isoforms (Fig 1B) and by HLA-G5-specific amplification PCR using specific primers G.526 and G.i4b (Fig 1C) . The kinetics of HLA-G5 transcript activation, which encodes a full-length soluble HLA-G molecule, paralleled that observed using primers detecting all alternatively spliced HLA-G transcripts with a maximum activation rate between 3 and 6 h after recovery from stress treatment. We confirmed the specific kinetics of induction of the HLA-G6 transcript post stress treatment by (1) specific hybridization of the same membranes used for Figure 1A using an intron 4-specific probe (I4F), allowing the detection of both HLA-G5 and -G6 transcripts corresponding to soluble protein isoforms (Fig 1B) , and (2) specific amplification of HLA-G2 and -G6 transcripts and selective detection of G6 cDNAs on Southern blots using an intron 4-specific probe (Fig 1D) . Further cloning of an RT-PCR product purified from M8 cells treated for 2 h with 100 M arsenite and allowed to recover for 45 min identifies HLA-G6 as the first transcript induced in this early phase of stress recovery. Three hours after recovery, all the known HLA-G transcripts-that is, HLA-G1/G5, HLA-G2/G4 (indiscriminable by size of cDNA products using pan-HLA-G primers), HLA-G6, and HLA-G3-were detected in large amounts in stressed M8 cells and reached levels that are comparable to that observed in the JEG-3 choriocarcinoma cell line. High levels of alternatively spliced HLA-G transcripts were maintained up to 21 to 22 h after the return to nonstressful conditions and progressively declined thereafter. HLA-G transcripts were still detectable 3 d after stress treatment, suggesting either that a residual transcriptional activity persisted or that a gain in mRNAs stability allowed them to keep their integrity at least for 2 d.
To further determine whether the accumulation of HLA-G transcripts results from a stress-induced increase of the mRNA stability, M8 cells were incubated with or without the transcriptional inhibitor actinomycin D during a heat shock treatment. Actinomycin D completely blocked heat shock-mediated increases of HLA-G mRNA levels (Fig 1E) , suggesting that stress induces HLA-G gene expression by activating at least its transcription.
High levels of induction of HLA-G transcripts were also observed after heat or arsenite treatment of the T98G glioblastoma cell line (Fig 1F) , indicating that the activation of HLA-G expression by stress is not restricted to melanoma cell type.
Stress conditions affect HLA-G mRNA levels with a relative specificity with regard to other HLA class I transcripts
Northern blot analysis (Fig 2A) of RNAs extracted at various times after stress treatment of M8 cells demonstrated that HLA-A or HLA-B transcripts are detectable in M8 melanoma cells as well as in positive control PBMC and are not significantly affected by thermal or chemical stress. Likewise, RT-PCR analysis of levels of other nonclassical class I HLA-E (Fig 2B) and HLA-F (Fig 2C) transcripts on the same samples used to analyze HLA-G transcripts revealed that their amounts are not modified by stress conditions. These results indicate that among the class I genes tested so far, HLA-G is specifically transactivated by stress in M8 melanoma cells.
Stress-induced HSF1 binding to HSEs in the promoter of HLA-G and hsp70 genes are detected in M8 melanoma cells
A computer search for heat shock consensus elements within the HLA-G promoter sequence identified a sequence positioned 480-bp upstream of the translation initiation codon of the HLA-G gene as a putative target for RT-PCR analysis of HLA-G mRNAs obtained from untreated, heatshocked cells (42ЊC, 2 h) or arsenite-treated (100 M As 2 O 3 , 2 h) T98G cells and allowed to recover for 4 h. Pan-HLA-G primers G.257 (exon 2) and GA.3U (3Ј-untranslated region) were used for PCR amplification of HLA-G transcripts corresponding to all the known HLA-G isoforms. The JEG-3 choriocarcinoma cell line was used as a control for high HLA-G transcription. Absence of contaminant DNA was controlled by concomitant amplification of the PCR mixture without a template (H 2 O). Bands corresponding to HLA-G1, -G2, -G3, -G4, -G5, and -G6 are indicated by arrows. PCR products coamplified in the same reaction by ␤-actin primers were detected on the same membrane by a ␤-actin probe.
HSF binding (Fig 3) . We thus tested the eventuality that the increased HLA-G mRNA levels described in stressed M8 cells could be induced through this putative HSE, designated HSEG. DNA-binding activity to the HSEG was evaluated by electrophoretic mobility shift assays (EMSAs) using nuclear extracts from heat shocked or arsenite treated M8 cells after various recovery times at 37ЊC. Specificity of binding was evaluated using wildtype or mutated HSEs derived from hsp70 and HLA-G gene promoters as cold competitor in a 100-fold excess relative to the labeled probe (Fig 3) .
In a first experiment, an oligonucleotide, corresponding to the 2 overlapping HSEs located between positions -119 and -87 in the human hsp70 promoter and called HSEHSP, was used as a probe to assay binding of factors found in M8 nuclear extracts. A specific HSE-binding activity was induced immediately on a heat shock or an arsenite treatment and disappeared 6 h after recovery at 37ЊC ( Fig 4A, upper panel; data not shown for samples corresponding to the recovery from the arsenite treatment). Formation of the stress-induced DNA complex was specifically competed by a 100-fold excess of unlabeled Northern blot analysis of mRNAs isolated from heatshocked (42ЊC, 2 h) and arsenite-treated (100 M As 2 O 3 , 2 h) cells at various times after recovery at 37ЊC. The filters were hybridized with HLA-A, HLA-B locus-specific probes, or GAPDH probe used as a control to quantify RNA in each sample. RNAs extracted from PBMCs were used as a positive control for HLA class Ia expression. (B) primers E.251 (exon 2) and E.1272 (3Ј-untranslated region) were used for PCR amplification of HLA-E transcripts from heat-shocked cells, 42ЊC, 2 h (left panel), or from arsenite-treated cells, 100 M As 2 O 3 , 2 h (right panel). HLA-E-specific transcripts were revealed by hybridization with the E.R-specific probe located in exon 3. (C) RT-PCR amplification of HLA-F transcripts was performed with primers Pan clI (F) located in exon2 and Pan clI (R) located in exon 4. HLA-F-specific transcripts were revealed by hybridization with the F.R-specific probe located in exon 2. The JEG-3 choriocarcinoma cell line was used as a control for high HLA-G transcription. Absence of contaminant DNA was controlled by concomitant amplification of the PCR mixture without a template (H 2 O). PCR products coamplified in the same reaction by ␤-actin primers were detected on the same membrane by a ␤-actin probe. HSEHSP but not by an irrelevant competitor (IR), demonstrating the sequence specificity of the DNA-protein interactions. Moreover, an unlabeled excess of HSEG but not mutated MUTHSEG oligonucleotides could compete for the formation of this complex. This indicates that the same protein complex, which is able to interact with HSEHSP, could recognize an HLA-G promoter-derived sequence and that this interaction occurs through an HSE motif present in HSEG and altered by a 3-bp mutation in MUTHSEG (Fig 3) . By using HSEG as the radiolabeled probe (Fig 4A, lower panel) , we confirmed that a specific and transient DNA-binding activity that involves an HSE motif, found in the HLA-G promoter, is induced in nuclear extracts from heat shock or arsenite treated M8 cells. Kinetics of activation of heat shock or arsenite induced DNA-binding activity to both HSEHSP and HSEG elements and exhibit similar patterns using EMSA analysis (Fig 4A; data not shown) .
In order to further characterize the presence of HSF1 in protein complexes that interact with HSEG and HSEHSP, EMSA, were performed by preincubating the nuclear extracts from heat-shocked and arsenite-treated M8 cells with a rabbit polyclonal serum that specifically recognizes HSF1 (␣-HSF1). When we used HSEHSP as a probe (Fig 4B, upper panel) , we observed a supershift of specific thermo-induced HSE complexes with ␣-HSF1, which decreased with dilution of the serum. Conversely, we did not observe any supershift with a control rabbit polyclonal serum (CAS), suggesting that HSF1 was present in the specific stress-induced HSE complex. An identical pattern was observed when HSEG was used as a probe (Fig 4B, lower panel) . We thus conclude that HSF1, present in nuclear extracts prepared from heat-shocked or arsenite-treated M8 cells, can bind in vitro on an HLA-G promoter-derived sequence containing an HSE.
DISCUSSION
The differential constitutive and inducible levels of HLA-G transcripts found in various cell types suggest that this gene is subjected to complex regulation, involving transcriptional control mechanisms that influence the tissuerestricted pattern of expression of HLA-G proteins. Sequence comparison of HLA-G and classical HLA-class I gene promoters reveals that regulatory sequences that have been implicated in the control of MHC class I transcriptional activation, mainly the enhancer A palindrome, the interferon-stimulated response element (ISRE), the site ␣, and the enhancer B are disrupted within the HLA-G promoter, which may in part explain why low levels of HLA-G transcript are detected in most cell types (Boucraut et al 1993; Gobin et al 1998) . A 250-bp positive regulatory region located 1.1 kb upstream of the HLA-G translation start site has been shown to target activation of transgene transcription in mice placenta (Schmidt et al 1993) . Moreover, differential profiles of DNA-binding complexes interacting with this regulatory region were detected in HLA-G-positive or HLA-G-negative cells, suggesting that regulatory mechanisms are involved in repressing HLA-G in some cell types (Moreau et al 1998; Lefebvre et al 1999) . We thus cannot exclude that tissuespecific activation of HLA-G gene occurs through release of inhibitory mechanisms that repress promoter activity in most cell types. Recently, it was proposed that an interferon-␥-activated site (GAS), located 740 bp upstream of the translation start site of HLA-G, could control induction of steady-state levels of HLA-G mRNA by IFNs (Yang et al 1996; Chu et al 1999) . Despite these preliminary approaches, the factors and the sequences that determine the tissue or tumor-specific activation of HLA-G gene expression are unknown.
HLA-G gene expression may be activated by various factors, such as growth factors, cytokines, or hormones whose presence is associated with a particular physiological state such as pregnancy or that are found in the microenvironment of HLA-G-positive tissues such as thymus. Specific detection of high levels of HLA-G transcripts in melanoma biopsies also suggests that tumor microenvironment may favor activation of HLA-G transcript levels during malignant transformation . Heat shock treatment modulates expression of proteins that will allow cytoprotection, and stress-induced proteins have also been implicated in balancing immune responses during the course of various diseases (Mori-moto and Santoro 1998). This prompted us to evaluate the effect of stress on expression of the HLA-G gene, which encodes an antigen sharing many features that fit in the regulatory scheme of stress-induced immune regulation.
Our results demonstrate that heat shock or arsenite treatment induce an increase in the levels of HLA-G transcript both in human melanoma and in glioblastoma cell lines, initially characterized as negative for HLA-G gene expression. Levels of all known alternatively spliced HLA-G transcripts are highly and transiently up-regulated between 3 h and 24 h after the cells have recovered from the stress treatment. We report differential kinetics in the induction of HLA-G alternative transcripts since the transcript encoding the soluble isoform HLA-G6 is induced prior to the other HLA-G transcripts, during the early recovery time after stress. Moreover, the lack of accumulation of HLA-G transcripts in the presence of actinomycin D during the stress period supports a transcriptional mechanism for control of HLA-G gene expression.
Unusual expression and localization of HSPs have been reported in human tumor cells, particularly in melanoma cells (Ferrarini et al 1992; Dressel et al 1998) , probably conferring an adaptive advantage to these cells in resisting stress conditions. Severe heat shock treatment (45ЊC for mammalian cells) is known to transiently inhibit premRNA splicing, and it was suggested that HSPs themselves help to protect the splicing machinery during the stress conditions (Yost et al 1990) . Treating M8 cells with a severe heat shock induced only a partial inhibition of HLA-G mRNA processing (data not shown), probably reflecting the constitutive protection of the splicing machinery by HSPs. Alteration of HLA-G alternative splicing has already been shown in melanoma biopsies. Differential levels of alternative transcripts encoding a soluble protein (HLA-G5) and the other HLA-G transcripts have been described , suggesting that splicing of HLA-G pre-mRNA may be selectively regulated in melanoma cells. Altogether, these results suggest that control of alternative splicing after stress treatment in tumor cells may represent a way to refine selective expression of a subset of isoforms whose specific functions remain to be defined.
Considering the tissue-restricted localization and the immunotolerant function assigned to date to the HLA-G gene, we were interested in analyzing the effect of stress conditions on several highly homologous members of the HLA class I gene family. Our results show that stress specifically induces the HLA-G gene expression since none of the HLA-A, -B, -E, or -F class I genes transcripts appeared to be affected by stress treatment. One of the hallmarks of the MHC is its high concentration of genes with immunological functions, and recently, a group of genes contiguous to the class I region, involved in stress, inflammation, or infection, was designated as the class IV region (Gruen and Weissman 1997) . This region includes hsp70 genes, the TNF family cluster, and MIC genes. Highly divergent human class I-related genes, MICA and MICB, have also been shown to function as stress inducible genes and are thought to play an essential role in immune surveillance of stressed or infected intestinal epithelial cells (Groh et al 1996 (Groh et al , 1998 . These results strengthen the notion that despite overall conservation of HLA class I coding sequences, specific regulatory mechanisms have been selected to target selective stress-induced activation of a subset of nonclassical class I genes that may allow fine-tuning of recognition of the stressed cells. In humans, exposure to environmental trauma such as heat shock or arsenite treatment, as used in this study, is directly or indirectly sensed by HSF1. Immediately after stress stimulus, pre-existing HSF1 trimerize, translocate to the nucleus, bind to contiguous alternative repeats of the pentanucleotide NGAAN (HSE), and are hyperphosphorylated. Through HSEs, present in all heat shock genes, the HSF family regulates induction of heat shock gene expression at the transcriptional level in response to a plethora of stress signals and also to nonstress conditions, including cell growth, development, and pathophysiological states. The presence of HSEs in genes of the MHC class IV region, which do not belong to the HSPs family, suggest that regulatory mechanisms have been conserved through evolution to control selective expression of immune response genes encoded in the MHC in response to stress. MICA and MICB genes have been shown to bear an HSE in their promoter (Groh et al 1996) . An HSE consisting of 2 inverted repeats of the NGAAN motif-oriented face to face on the DNA helix was also identified within the 5Ј promoter region of the HLA-G gene, 480 bp upstream of the translation start site. EMSA analysis with nuclear extracts prepared from heatshocked and arsenite-treated M8 cells confirmed that the HSE derived from the HLA-G gene promoter was transiently recognized by HSF1, as were the hsp70 promoterderived HSEs.
Multhoff and co-workers have reported that cell surface expression of hsp70 is selectively inducible by nonlethal heat on human tumor cell lines, resulting in an increased sensitivity to lysis mediated by natural killer cells (Multhoff et al 1997; Botzler et al 1999) . On the other hand, it has recently been demonstrated that HLA-G protein could down-modulate cytotoxic activity of NK and T cells, both directly through interaction with killer cell immunoglobulin-like receptors (KIRs) or indirectly by providing a leader peptide to allowing another nonclassical class antigen HLA-E to be expressed at the cell surface and inhibit NK cell activity through interaction with CD94/NKG2A receptors (Lanier 1999) . The presence of HLA-G receptors at the surface of myelomonocytic cells and B lymphocytes also suggests that HLA-G may have a immunomodulatory role on the function of these cells. In this context, stress-induced HLA-G expression on tumor cells or viral infected cells, resulting from a high temperature and a plethora of factors released in their microenvironment, could provide these cells with an additional mechanism to escape immunosurveillance.
In summary, we report here a new feature of HLA-G as a stress-inducible gene, in addition to being involved in down-modulation of the aggressiveness of the human immune system and in the establishment of tumor escape mechanisms.
